Under iron-limited conditions, Pseudomonas putida WCS358 produces a siderophore, pseudobactin 358, which is essential for the plant growth-stimulating abiity of this strain. Cells of strain WCS358, provided that they have been grown under Fe3+ limitation, take up 55Fe3+ from the 5sFe3 -labeled pseudobactin 358 complex with Km and V,, values of 0.23 ,uM and 0.14 nmol/mg of cell dry weight per min, respectively. Uptake experiments with cells treated with variods metabolic inhibitors showed that this Fe3+ uptake process was dependent on the proton motive force. Furthermore, strain WCS358 was shown to be able to take up Fe3+ complexed to the siderophore of another plant-beneficial P. fluorescens strain, WCS374. The tested pathogenic rhizobacteria and rhizofungi were neither able to grow on Fe3+-defitcient medium in the presence of pseudobactin 358 nor able to take up "5Fe3+ from 55Fe3 -pseudobactin 358. The same applies for three cyanide-producing Pseudomonas strains which are supposed to be representatives of the minor pathogens. These results indicate that the extraordinary ability of strain WCS358 to compete efficiently for Fe3+ is based on the fact that the pathogenic and deleterious rhizosphere microorganisms, in contrast to strain WCS358 itself, are not able to take up Fe3+ from Fe3+-pseudobactin 358 complexes.
Frequent cultivation of monocultures on the sarne field is a practical demand of modern agriculture. However, frequent cultivation of, e.g;, potato in the same field results in yield decreases of up to 30% (11, 12, 22) . The causal agents of these yield decreases are assumed to be deleterious, cyanide-producing Pseudomonas spp. (1, 23) . The rhizosphere also harbors various pathogenic microorganisms which influence the potato yield, e.g., bacteria like Erwinia carotovora, which can cause rotting of the potato tubers, and fungi like Verticillium spp., which may cause wilting of the potato plants (12, 23) .
Bacterization of seed potatoes with certain fluorescent Pseudomonas spp. has a beneficial effect on potato yield (2, 11) . These plant-beneficial Pseudomonas strains have been selected after screening of large numbers of fluorescent, root-colonizing Pseudomonas spp. on antibiosis activity against a series of rhizosphere microorganisms (10) . For some Pseudomonas spp. this antibiosis activity is primarily based on the production of antibiotic compounds (5) , while for other Pseudomonas spp., like Pseudomonas putida WCS358, antibiosis is based on successful competition for Fe3" by strain WCS358 in comparison with that by the pathogenic or deleterious microorganisms (9, 22, 23) . Under Fe3" limitation, the beneficial Pseudomonas cells produce powerful fluorescent siderophores (7, 17, 18, 25) , Fe3+-chelating compounds, which are part of high-affinity Fe3+ uptake systems. Recently, it has been demonstrated that these beneficial Pseudomonas strains actually produce these siderophores in the rhizosphere (3, 23) . Also the ability of the beneficial Pseudomonas strain to produce siderophores was shown to be a prerequisite for the increase in potato tuber yield in the field (2) . These results suggest that the iron metabolism in soil plays an essential role in plant growth * Corresponding author. stimulation. Supposedly, the outcome of the competition for limiting Fe3+ in soil between the plant, the deleterious (or pathogenic) organisms, and the beneficial microorganismls is of prime importance. This paper focuses on the Fe3+ uptake mediated by the siderophore of strain WCS358, pseudobactin 358, in plant growth-stimulating Pseudomonas strains and in deleterious or pathogenic rhizosphere microorganisms. The results strongly support previous assumptions that the plant-beneficial P. putida strain WCS358 acts as a microbial pesticide.
MATERIALS AND METHODS Bacteria, fungi, and growth conditions. The plant growthstimulating strains P. putida WCS358 and P. fluorescens WCS374 and their siderophore-negative mutantS have been described elsewhere (7, 10, 18) . Cyanide-producing Pseudomonas strains All, A14, and A63 were isolated from potato roots by A. W. Bakker. Pathogenic Erwinia carotovora subsp. carotovora and E. carotovora subsp. atroseptica were obtained from the Plant Protection Service in Wageningen, The Netherlands. AR strains were maintained on King B medium (16) . Cells to be used in uptake assays were grown in half-strength standard succinate medium (SSM) (19) (Fig. 2) .
Energy source for pseudobactin 358-mediated Fe3+ uptake.
The low rate of uptake at 4°C (Fig. 1 decreasing the proton motive force. Sodium azide, which inhibits generation of the proton motive force, appeared to be a very potent inhibitor of Fe3+ uptake. The uncouplers CCCP and DNP also markedly reduced Fe3+ uptake (Table  1) . These results indicate that the proton motive force drives the uptake process. To establish which component of the proton motive force is the actual driving force, the influence of the presence of the ionophores nigericin and valinomycin was determined. Nigericin did not influence uptake of Fe3+, but valinomycin reduced the uptake of Fe3+ substantially.
The sulfhydryl reagents N-ethylmaleimide and HgCl2 abolished the uptake of Fe3+ (Table 1) .
Interactions of pseudobactin 358 with deleterious and pathogenic rhizosphere microorganisms. In an antibiosis assay (Fig. 3) , the cyanide-producing Pseudomonas strains All, A14, and A63, the pathogenic bacteria E. carotovora subsp. carotovora and E. carotovora subsp. atroseptica, and the pathogenic fungi V. dahliae and V. albo-atrum were unable to grow around the spot of inoculation of the wild-type strain WCS358. Since no or only a small inhibition zone was observed around the inoculation spot of the siderophorenegative mutant of strain WCS358, the growth inhibition observed around the wild-type strain must have been caused by the presence of pseudobactin 358. The small zone of inhibition sometimes observed around the siderophore-negative mutant was most likely caused by nutrient limitation around the bacterial inoculation spot, since no growth inhibition was observed by the siderophore-negative mutant in growth assays performed on nutrient-rich agar surfaces (e.g., King B medium or YMG). For the cyanide-producing Pseudomonas spp. and the two E. carotovora subsp., the reciprocal experiment (inhibition of P. putida WCS358 by the plant-deleterious strain) was performed, but no inhibition of growth of strain WCS358 was observed (data not shown).
All these bacterial and fungal strains were tested for pseudobactin 358-mediated uptake of Fe3+ for 25 min. Only background levels of 55Fe label (<1.5%) were found to be associated with the cells or the young mycelia (data not shown).
Interactions of the high-affinity Fe3+ uptake systems of two plant growth-stimulating Pseudomonas strains. As described previously (3), strain WCS358 is able to grow on solid King B medium in the presence of the siderophore of strain WCS374, pseudobactin 374, while strain WCS374 is unable to grow on these plates in the presence of pseudobactin 358. In order to be able to correlate inhibition on plates with uptake, the experiment was repeated on solid SSM medium. Results similar to those on solid King B medium were obtained (data not shown). The observed difference in anti- 3 . Antibiosis assay on solid SSM medium with P. putida WCS358 and its siderophore-negative (Sid-) mutant spot-inoculated at the left and right of the plate, respectively. The plates were later sprayed with suspensions of the cyanide-producing strains A63 (A), the pathogenic strain E. carotovora subsp. carotovora (B), or the pathogenic fungus V. albo-atrum (C).
biosis between these two strains appeared to be caused by differences in uptake characteristics: strain WCS358 was able to take up Fe3" from Fe3+-pseudobactin 374 complexes, even to a level similar to that reached by strain WCS374 with its own pseudobactin. In contrast, strain WCS374 was unable to incorporate Fe3+ from the Fe3+-pseudobactin 358 complex (Fig. 4) This Fe3" uptake system of strain WCS358 seemed to be highly efficient, allowing not only uptake from its own Fe3" siderophore complex, but also from the Fe3" siderophore complex of another plant growth-stimulating strain, P. fluorescens WCS374. Furthermore, strain WCS358 was able to take up Fe3+ from the Fe3+-pseudobactin complexes of at least four other root-colonizing Pseudomonas strains (unpublished results), showing that this strain can make use of various pseudobactins for its iron nutrition. This latter property can be useful in the rhizosphere, where a variety of pseudomonads are present (7, 8) . The ability to use the siderophores of neighboring species for its iron nutrition may be an important factor in the competition of strain WCS358 with other microorganisms in the rhizosphere (3, 23) .
In order to study the reaction of deleterious and pathogenic rhizosphere microorganisms on the siderophore of the plant growth-stimulating P. putida strain WCS358, seven representatives (five bacterial and two fungal species) were chosen from the group of plant-deleterious or plant-pathogenic microorganisms. None of these organisms was able to grow on Fe3"-limited medium in the presence of pseudobactin 358 (Fig. 3) . Furthermore, using Fe3" uptake assays, we showed that these fungal and bacterial species were unable to incorporate Fe3+ complexed by pseudobactin 358. This latter result demonstrates that the inability to grow in the presence of pseudobactin 358 (Fig. 3 ) (4) is determined at the level of Fe3+ uptake from the Fe3+-pseudobactin 358 complex. So far, models on the role of pseudomonads in competition for Fe3+ were based only on growth inhibition experiments on Fe3+-deficient solid medium (4, 10, 17) . In our experience, the results of antibiosis assays obtained on different media (e.g., King B medium and SSM) are much more variable than the results of uptake experiments. Therefore, conclusions about the ability of a strain to antagonize other microorganisms by virtue of its siderophore are more accurate when they are based on antibiosis assays in combination with Fe3+ uptake experiments. Another reason to interpret antibiosis assays carefully is the recent finding of a fluorescent Pseudomonas strain whose antibiotic activity towards fungal growth is due to an antibiotic which is only active under low-iron conditions (13) .
Recently, the production of siderophores in the rhizosphere by strain WCS358 was demonstrated (3, 23) . This result, combined with those of the antibiosis on Fe3+_ deficient medium (Fig. 3) and of Fe3+ uptake, indicates that the presence of pseudobactin 358 in the rhizosphere deprives other plant-deleterious and -pathogenic rhizosphere microorganisms of the essential element Fe3+, resulting in a reduction of their activity or growth. Consequently, these results indicate that competition for Fe3+, at the level of uptake of Fe3+ from Fe3+-siderophore complexes, is the basis for the action of P. putida WCS358 as a microbial pesticide.
